To determine the expression pattern of the predominant ␥-aminobutyric acid (GABA) plasma membrane transporter GAT-1 in Old World monkey (Macaca mulatta) and human retina.
G amma-aminobutyric acid (GABA) is one of the predominant inhibitory neurotransmitters in the retina. GABA is transported by multiple Na ϩ -dependent GABA plasma membrane transporters (GATs), that mediate high-affinity GABA uptake from the synaptic cleft and extracellular space into neurons and glia. [1] [2] [3] GATs also mediate nonvesicular, Ca 2ϩ -independent GABA release from horizontal cells in fish and toad retina, from amacrine cells in the rabbit retina, 4 -6 and from neurons and glia in the mammalian nervous system. [7] [8] [9] Three GATs (GAT-1, -2, and -3) and a betaine glycine transporter that also transports GABA with high affinity have been isolated and cloned. They have different pharmacological properties 10 -18 and tissue distributions, 19 -26 which suggests that they have different functional properties. In general, GAT-1 immunoreactivity in the brain is localized to axonal terminals and astrocytes, whereas GAT-3 immunoreactivity is predominantly localized to astrocytes. 19 -23 In contrast, GAT-2 mRNA and immunoreactivity have been detected in the leptomeninges and in a few neuronal profiles and glia. 24 -26 GABA neurotransmission is influenced by GABA transport mediated by GATs. 27 Blocking of GAT-1-mediated transport with specific GABA uptake inhibitors prolongs the decay of GABA A -mediated postsynaptic potentials and enhances these potentials in the hippocampus and retina, probably due to increased levels of GABA in the vicinity of GABA A receptors. 28 -35 In addition, GATs efficiently clear diffusely distributed GABA from the extracellular space, thereby limiting GABA action at high-affinity receptors that are located away from GABA release sites in several structures, including the retina, hippocampus, and cerebellar cortex. 31, 33, 36, 37 GAT-1, -2, and -3 mRNAs have been detected in rat retina using RT-PCR and Northern blot analysis. 12, 38 Furthermore, they have been reported in developing and adult rat optic nerve by Northern blot analysis. 39 GAT-1 mRNA and immunoreactivity are mainly localized to amacrine and displaced amacrine cells in mouse, rat, guinea pig, and rabbit retinas. 25,38,40 -46 GAT-1 mRNA is also in a few ganglion cells of the rat retina, 38 and both GAT-1 mRNA and immunoreactivity are expressed by Müller cells in the mouse, rat, and guinea pig retina. 38, 40, 42, 46 In contrast, GAT-3 expression is predominantly localized to Müller cells in mouse, rat, and rabbit retinas, 38, 42, 43 although a small number of GAT-3-immunoreactive amacrine cells are also found in these retinas. 42, 43, 46 Finally, GAT-2 immunoreactivity is predominantly distributed to the retinal pigment and ciliary epithelia, 41, 42, 46 congruent with findings that cultured bovine retinal pigment epithelia accumulate GABA. 47 Together, these findings show a prominent expression of GATs in the retina and are consistent with earlier studies showing high-affinity GABA and GABA analogue uptake by amacrine and Müller cells in many different species. 4,48 -52 These findings are also consistent with the influence of GATs on the response properties of both bipolar and ganglion cells. 33 A recent study reported significant differences in GAT expression patterns between rodent and primate brains, suggesting a differential regulation of extracellular GABA levels. 53 As just noted, several investigations have established the localization of GATs in rodent and rabbit retina, but information on the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.distribution of GABA transporters in primate retinas is not available. In the present investigation, we systematically evaluated GAT-1 expression in macaque monkey and human retina. The results showed that GAT-1 expression in the primate retina is consistent with that reported in other mammalian retinas, with the notable exception that, similar to rabbit and different from rodent retinas, GAT-1 is not expressed by Müller cells in the primate retina. A brief description of preliminary observations has been presented in a prior publication (Trasarti L, et 
Tissue Preparation
Eyes of six adult Macaca mulatta monkeys of both sexes were obtained from Convance Research, Products, Inc. (Alice, TX). The animals were anesthetized with ketamine (5-10 mg/kg) and xylazine (1-2 mg/kg) followed by a lethal dose of Euthasol (Virbac Corp., Fort Worth, TX). The eyes were removed, the anterior segments were dissected, and the posterior eyecups containing the retinas were immediately immersed in either 2% or 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4) or in 2% or 4% PFA with 1.37% poly-L-lysine and 0.214% sodium meta-periodate in PB (PLP) for 1 or 2 hours at room temperature. They were subsequently transferred to 25% sucrose in 0.1 M PB and stored overnight at 4°C. The eyecups were shipped by overnight courier service to University of California, Los Angeles (UCLA) and on receipt were transferred to fresh 25% sucrose in 0.1 M PB. Two normal human retinas were obtained within 2 to 4 hours of death and were kindly provided by Gregory S. Hageman (Department of Ophthalmology and Visual Sciences, University of Iowa, Iowa City, IA). Human donor eyes were obtained after informed consent and approval by the institutional review boards of the University of Iowa. The retinas were fixed with 4% PFA for 2 hours and then transferred to 25% sucrose in 0.1 M PB.
Sections of both monkey and human retinas were cut either perpendicular (vertical sections) or parallel (horizontal sections) to the vitreous surface with a cryostat or sliding microtome, respectively. Cryostat sections were cut at 10 to 15 m, mounted on gelatin-coated slides, and stored at Ϫ20°C. Horizontal sections were cut on the sliding microtome at 20 to 25 m and stored in 0.1 M PB at 4°C.
Antibodies
A well-characterized, affinity-purified rabbit polyclonal antibody directed to the C terminus of rat GAT-1 (cat. no. AB1570; Chemicon Inc., Temecula, CA) was used for these studies. 42 This antibody does not cross-react with either GAT-2 or -3 C-terminal peptides. 10, 12, 15, 42 In double-labeling experiments, the GAT-1 antiserum was used in conjunction with monoclonal antibodies directed to GABA (clone GB-69, cat. no. A0310; Sigma-Aldrich, St. Louis, MO), 54 vasoactive intestinal polypeptide (VIP; CURE-UCLA Antibody Core, Los Angeles, CA), 55 or tyrosine hydroxylase (TH, clone 2/40/15; cat. no. Mab5280; Chemicon, Inc.) 56 or with Mab115A10 (donated by Shinobu C. Fujita, Mitsubishi Kasei Institute of Life Sciences, Tokyo, Japan), 57 which labels rod and cone bipolar cells.
57,58

Immunohistochemistry
Sections were washed in 0.1 M PB and incubated in GAT-1 antibody diluted 1:500 to 1:2000 in 0.1 M PB containing 0.5% Triton X-100 for 12 to 48 hours at 4°C. The sections were then washed in 0.1 M PB and incubated in affinity-purified donkey anti-rabbit IgG conjugated to fluorescein isothiocyanate (FITC; Jackson ImmunoResearch Laboratories, West Grove, PA) at 1:100 dilution for 2 hours at room temperature. Free-floating sections were mounted on gelatin-coated slides, and all slides were coverslipped with glycerol-phosphate buffer containing 2% potassium iodide to retard fading. For double-label immunofluorescence staining, sections were incubated in a mixture containing GAT-1 (1:500) and GABA (1:400), VIP (1:500), TH (1:200), or Mab115A10 (1:2000) antibodies followed by the appropriate secondary antibodies conjugated with FITC, tetramethylrhodamine isothiocyanate (TRITC; Jackson ImmunoResearch), or Alexa Fluor 546 and Alexa Fluor 488 (Molecular Probes, Eugene, OR).
The specificity of the GAT-1 antibody has been described in rat brain, 19 rat retina, 42 and primate brain. 59 Western blot studies indicate that this antiserum reacts with a single band at 67 kDa, consistent with the predicted size of GAT-1. 60 In our studies, specificity of the immune reaction was assessed by preadsorbing the GAT-1 antibody with 10
Ϫ5
M GAT-1 C-terminal peptide overnight at 4°C and using the adsorbed antiserum in place of the primary antibody. Nonspecific immunoreactivity was in cells that resembled microglial cells located in the outer plexiform layer (OPL).
Morphometric Measurements
Morphometric studies were performed on three monkey retinas from different animals. The number and the mean diameter of GAT-1-immunoreactive cells were measured in both coronal and horizontal sections with a computer-assisted image-analysis system (NIH Image; available by ftp at zippy.nimh.nih.gov/ or at http://rsb.info.nih.gov/nih-image; developed by Wayne Rasband, National Institutes of Health, Bethesda, MD). Cells were measured at their maximum diameter.
Imaging
Immunostained sections were analyzed with both conventional fluorescence and confocal microscopy. Using conventional fluorescence microscopy, we photographed sections (T-Max 400 photographic film; Eastman Kodak, Rochester, NY), and the negatives were scanned (Sprint Scan 35 Scanner; Polaroid, Cambridge, MA) at 2700 dpi. Images were enlarged, adjusted for brightness and contrast, labeled with photo editing software (Photoshop 5.0; Adobe Systems, Inc., Mountain View, CA), and saved at 600 dpi. With a confocal microscope (model 410; Carl Zeiss Meditec, Inc., Dublin, CA), digital sections were obtained with a z-axis of 0.5 or 1 m. Images were adjusted for brightness and contrast, labeled (Photoshop 5.0; Adobe Systems, Inc.), and saved at 600 dpi.
RESULTS
General GAT-1 Expression Pattern in the Monkey and Human Retina
The GAT-1-immunoreactive pattern was similar in monkey and human retinas (Figs. 1, 3) . Specific immunoreactivity was usually at or near the plasma membrane of numerous amacrine cell bodies located in the inner nuclear layer (INL) near the inner plexiform layer (IPL; Figs. 1A, 1B). These cells gave rise to processes that entered the IPL. Some GAT-1-immunoreactive cell bodies were in the IPL, and they were surrounded by numerous immunoreactive processes (Fig. 2B ). These cells are often referred to as interstitial amacrine cells. 61 In addition, immunoreactive displaced amacrine cells, identified on the basis of their cell size and position, were in the ganglion cell layer (GCL; Fig. 1A ). GAT-1 immunoreactivity was not observed in the distal portion of the INL. Fine, strongly immunostained varicosities and fibers were densely packed in the IPL in all retinal regions, and they were evenly distributed across the IPL (Fig. 3C) . In some cases, varicose processes from the IPL or from GAT-1-immunoreactive somata crossed the INL to ramify in the OPL (Fig. 1C) . Varicose immunoreactive processes were in the GCL and they also formed a sparse network
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in the nerve fiber layer (NFL) of the central retina (Fig. 3D) . The immunoreactive fibers in the NFL (see Fig. 5C ) appeared similar to other amacrine cell processes within the IPL, and different from the thin-caliber, smooth-appearing ganglion cell axons. Specific immunoreactivity was absent from control tissue stained with GAT-1 antibody incubated with its cognate peptide. Furthermore, GAT-1 immunoreactivity was not observed in the outer nuclear layer (ONL) or in the photoreceptor outer segments. Overall, this immunostaining pattern is consistent with GAT-1 expression by amacrine cells and its variants, including displaced and interstitial amacrine cells, and interplexiform cells in the primate retina.
GAT-1-Immunoreactive Pattern in the Monkey Retina
Distribution of GAT-1 Expressing Somata. GAT-1 immunoreactive cell bodies in the INL were distributed in all regions of the monkey retina. In the fovea, parafovea, and regions near the optic nerve head, immunoreactive cells were mainly located in the first two cellular rows of the INL adjacent to the IPL (Fig. 4A-C) . In contrast, in peripheral retina they were confined to the cellular row of the INL adjacent to the IPL (Fig.  4D) .
Immunoreactive somata in the INL were round to pyriform ( Fig. 2A) , with mean diameters ranging from 5 to 12 m and an overall mean of 7.84 Ϯ 0.3 m (n ϭ 810). These small-and medium-sized cells were distributed over the whole retina. The variable size of the immunoreactive cells suggests the presence of multiple types of GAT-1-expressing amacrine cells.
GAT-1 somata in the IPL (Fig. 2B ) occurred rarely. The somal sizes of these interstitial cells were in the range of the GAT-1 cells in the INL. An estimate of the density of these cells was not determined. Because they were embedded in a dense plexus of immunostained fibers, it was difficult to visualize them completely.
GAT-1 immunoreactive cells located in the GCL were less numerous than those in the INL. These cells were adjacent to the IPL, and a very few of them were near the NFL (Fig. 4A) . Most of the GAT-1 somata in the GCL were small (7.02 Ϯ 0.5 m in diameter, n ϭ 100) and a few were medium-sized (10.92 Ϯ 0.3 m in diameter, n ϭ 100). The small cell bodies were distributed throughout the retina, whereas the mediumsized cells were mostly located in the parafovea and the retinal region surrounding the optic nerve head. In some cases, GAT-1 somata in the GCL gave rise to a process directed toward the NFL (Fig. 4A) . 
Distribution of GAT-1 Immunoreactive Processes.
The distribution of GAT-1 processes varied in different regions of the monkey retina. In the parafovea and regions near the optic nerve head, GAT-1 fibers were in the OPL, IPL, GCL, and NFL (Figs. 4A, 4B ). In contrast, in the fovea, they were mainly confined to the IPL (Fig. 4C) , whereas in the peripheral retina GAT-1 processes were consistently observed in both the IPL and OPL (Fig. 4D) .
GAT-1 immunoreactivity was most abundant in the IPL, and it was characterized by intensely stained puncta and varicose processes. Some GAT-1 processes entered the INL and, for short distances (20 -25 m), ran parallel to the IPL (Fig. 4A,  inset) . GAT-1-immunoreactive processes originated from amacrine, displaced, and interstitial amacrine cells and interplexiform cells.
Immunoreactive processes innervating the OPL originated either from cell bodies in the proximal INL or from the GAT-1 fiber plexus in the IPL. The GAT-1 processes in the OPL were characterized by large varicosities (Fig. 5B) . These processes ran for long distances without branching into secondary collaterals (Fig. 5A ) and they formed a loose meshwork covering most of the OPL. These GAT-1 processes in the OPL were in all retinal regions except the fovea. Immunoreactive processes were distributed along the foveal perimeter.
GAT-1 processes were in the GCL and NFL of retinal regions near the optic nerve head and in the parafovea (Figs. 4A, 4B ). These processes were characterized by varicosities (Fig. 5C ), and they originated either from the small immunoreactive cell bodies in the GCL (Fig. 4A) or from the immunoreactive fiber plexus in the IPL (Fig. 4B) . Some GAT-1 processes entered the GCL from the IPL, coursed a short distance through the GCL and subsequently re-entered the IPL (Fig. 4A) . In the NFL, GAT-1 processes were distributed in a layer adjacent to the GCL (Figs. 4A, 4B ). Immunostained processes were not observed in the optic nerve head or in the optic nerve.
Double-Labeling Experiments
Double-labeling experiments were performed with the monkey retina. GAT-1 antibodies were used in conjunction with GABA antibodies to assess the proportion of GABA-containing cells expressing this transporter. In addition, the presence of GAT-1 was tested in two distinct subpopulations of GABAergic neurons, such as the VIP-and TH-immunoreactive amacrine cells. 62, 63 Finally, because there are reports of GABA immunoreactivity in primate bipolar cells, 64 -69 double labeling with GAT-1 and Mab115A10 antibodies was performed to assess the possible expression of GAT-1 immunoreactivity by bipolar cells.
GAT-1 and GABA immunoreactive somata were counted in horizontal sections of different retinal regions. Nearly all (99%) of the GAT-1-immunolabeled cells in the proximal INL displayed GABA immunoreactivity (Fig. 6) , whereas the majority (66%) of the GABA-immunolabeled cells contained GAT-1 immunoreactivity. All the VIP-immunoreactive amacrine cells also contained GAT-1 immunoreactivity (Fig. 7) . In contrast, the TH-immunoreactive amacrine cells did not contain GAT-1 immunoreactivity (Fig. 8) . Finally, GAT-1 immunoreactivity was not in Mab115A10-immunoreactive bipolar cells (data not shown).
DISCUSSION
GAT-1 Expression in Primate Retina
In this study GAT-1 was abundantly expressed in the primate retina and the distribution of this transporter was similar in both Old World monkey and human retinas. GAT-1-immunoreactive cells were amacrine cells, including displaced and interstitial amacrine cells, and interplexiform cells. This transporter is not expressed by horizontal or bipolar cells or by photoreceptors. The pattern of GAT-1 expression in the primate retina is consistent with that reported in the retinas of other mammals, including mice, rats, guinea pigs, and rabbits. 25,38,40 -46,70 The only exception to this generality is the expression of GAT-1 immunoreactivity by Müller cells. In mouse, rat, and guinea pigs, GAT-1 is weakly expressed in Müller cells, whereas in rabbit and primate retinas Müller cells do not express GAT-1 immunoreactivity. 38, [41] [42] [43] 46 Overall, the distribution of GAT-1 immunoreactivity in monkey and human retinas is similar to the distribution of GABA and L-glutamic acid decarboxylase (GAD) immunoreactivities, and of GABA or GABA analogue uptake in the primate retina. 50, 52, 65, 69, [71] [72] [73] [74] [75] [76] Although most of the GABA-containing cells prominently express GAT-1 immunoreactivity, many GABAcontaining amacrine cells do not express this transporter. These cells could express other GATs, such as GAT-3, which is localized to some amacrine cells in mouse, rat, guinea pig, and rabbit retina. 42, 43, 46 In addition, GABA-containing cells could express GAT-1 on their processes, but not on their cell bodies, as commonly observed for neurons in the cortex and hippocampus. 19, 21 In addition, in an effort to define the GAT-1 population more narrowly, in the double-label studies we have identified the VIP-containing amacrine cells as one of the subpopulations of GABAergic neurons that express GAT-1, and the TH-containing amacrine cells as one of the subpopulations of GABAergic neurons that apparently do not express GAT-1 immunoreactivity.
These findings indicate that GAT-1 is likely to influence GABA neurotransmission in the inner retina of primates, similar to reports of GAT-1 modulation of inhibitory neurotransmission in the salamander retina. 
GAT-1 in the Outer Retina
Interplexiform cells, which are an amacrine cell variant, express GAT-1 in primate retinas as well as in mouse, rat, and rabbit retinas. 40, 42, 44 These cells are likely to be the same as the GABA-containing interplexiform cells reported in previous studies of primate retina. 65, 69, 72 GABA in the OPL may be taken up by GAT-1 expressing processes of interplexiform cells, thereby influencing GABA neurotransmission in the outer retina.
The lack of GAT-1 expression in horizontal cells is congruent with studies showing that these cells do not accumulate exogenous GABA or GABA analogues. 50, 52, 71 Furthermore, in rat, guinea pig and rabbit retina, horizontal cells also lack GAT-1 and -3 expression. 42, 43, 46 Of interest, horizontal cells in several mammalian species including primates express GABA and GAD immunoreactivities 65, 69, 77, 78 and GAD mRNA. 79 Together, these observations suggest that horizontal cells synthesize and release GABA, but they do not have the cellular mechanisms to transport GABA from the synapse or extracellular space. The Purkinje cell of the cerebellum is another example of a well-studied neuronal cell type that expresses GABA and GAD immunoreactivity, but does not take up GABA or expresses GATs.
-84
The double-label studies with Mab115A10, a rod and cone bipolar cell marker, suggest that GAT-1 immunoreactivity is not expressed by primate bipolar cells. These findings are consistent with uptake studies that indicate that bipolar cells do not accumulate GABA or GABA agonists. 50, 71, 85 Furthermore, GAD 67 mRNA has not been reported in primate bipolar cells, 73 and there is scant evidence of GAD immunostaining in these cells. 64 Although there are conflicting reports of the presence 64 -69 or the absence 72, 74, [85] [86] [87] of GABA immunoreactivity in monkey and human bipolar cells, our observations indicate that these cells are not likely to take up GABA from the extracellular space.
GAT-1 in Ganglion Cells and in the NFL
GABA-containing ganglion cells have been identified in monkey and human retina 69, 74, 75 and GABA-immunoreactive ganglion cell axons have been observed in the optic nerve and optic tract. 88 In contrast, GAT-1-immunoreactive fibers are not present in the optic nerve head of primates, suggesting that GAT-1 is not localized to ganglion cell axons. GABA-containing ganglion cells, if they express this transporter, are therefore likely to express GAT-1 immunoreactivity at their preterminal axonal processes and axonal terminals in retinal recipient nuclei, similar to the expression of this transporter on axonal terminals of hippocampal and cortical neurons. 19, 21 GAT-1 immunoreactive processes in the NFL are likely to originate from displaced amacrine cells localized to the GCL. Indeed, similar processes originating from GABA-immunoreac- tive displaced amacrine cells have been reported in monkey and human retinas. 86 A similar plexus of GAT-1 processes is present in the rabbit retina (our unpublished observation, 2005).
Functional Implications of the Differential Expression of GATs
The inhibition of GABA uptake mediated by GAT-1 in different regions of the central nervous system (CNS), including the retina, invariably results in increased tonic inhibition, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] suggesting that this transporter is a key player in the regulation of GABA neurotransmission. GAT-3 is also prominently distributed in the mammalian retina. 42, 46 GAT-1 and -3 have different functional and pharmacological properties, including different ionic dependences and inhibitor sensitivities, that influence GABA uptake (see Ref. 24 for review). In addition, GATs may transport GABA into the extracellular space in a Ca 2ϩ -independent, nonvesicular manner, 4 -9 and the different GATs may have different reverse transport profiles. This pharmacological and functional heterogeneity is likely to provide considerable flexibility in the control of the extracellular levels of GABA in different physiological states.
In the primate retina, GAT-1 is expressed by amacrine cells, whereas GAT-3, is likely to be predominantly localized to Müller cells, similar to mouse, rat, and rabbit retinas. 38, 42, 43 GAT-1, expressed by neurons, is likely to be involved in GABA removal from the synaptic cleft and extracellular space and perhaps in GABA release by a Ca 2ϩ independent mechanism.
GAT-1 would thus modulate GABA levels and its action at GABA receptors. 4 -6,31,77 GAT-3, expressed by Müller cells, could also influence the levels of GABA, because they span the entire neural retina and probably limit the spread of GABA within the retina. 31 
